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Received 9 March 2005; received in revised form 28 September 2005; accepted 12 October 2005AbstractThe life history of the freshwater shrimp Palaemonetes antennarius (H. Milne Edwards, 1837) was investigated from
April 1993 to November 2002 at 13 sites in the delta of the Neretva River, Croatia. The sex ratio (males vs. females)
was in favour of females throughout the study year ð¯  SD ¼ 0:70 0:12Þ. The breeding period lasts from April to
August with a peak of 75% of the ovigerous female in June. The maximum number of eggs carried by ovigerous
females was 73, and there was a positive signiﬁcant linear correlation between fecundity (number of early embryonic
stage eggs per female) and female body size (carapace length) (R2 ¼ 0:698, po0:01). The breeding period was longer in
limnocrenes and lakes with oligohaline–limnic water than in other habitat types because the water is more rapidly
warmed in spring and cooled more slowly in autumn in these habitats. Larvae were present from June to October, with
a peak reaching 19.4% of the total population in June. The shrimps follow a synchronic univoltine life cycle with a
short egg-laying period and a new summer generation. Their larvae, apparently having no ecological ﬂexibility, did not
appear in any environment with high oscillations of salinity.
r 2005 Elsevier GmbH. All rights reserved.
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Historically, the delta of the Neretva River was a
complex of braided channels, lakes and springs. It has
mostly semi-natural characteristics today, and is quite
vulnerable specimen of protected wetlands in Croatia.
The river, which once ﬂooded and meandered (Horvat,
Glavacˇ, & Ellenberg 1974) was straightened and
engineered in such a way that the water level no longer
ﬂuctuates on a seasonal basis. Nevertheless, even in its
present, degraded state, the delta plays an importante front matter r 2005 Elsevier GmbH. All rights reserved.
no.2005.10.002
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ess: sgottst@zg.biol.pmf.hr (S. Gottstein Matocˇec).hydrological and ecological role for the southernmost
part of Dalmatia, for which it is the last oasis of many
species of invertebrates and vertebrates (Radovic´ 2000),
including the very rare and endangered grass shrimp
Palaemonetes antennarius (H. Milne Edwards, 1837)
(Gottstein Matocˇec & Kerovec 2002).
The grass shrimp Palaemonetes antennarius is the only
Palaemonetes species occurring in Croatia (Gottstein
Matocˇec & Kerovec 2002). The geographic distribution
of Palaemonetes antennarius in Croatia ranges from the
Dragonja River located in the western region of the
country to the Neretva River in the south-eastern part of
the country (Gottstein & Kerovec 1998; Gottstein
Matocˇec & Kerovec 2002; Sket 1992). The grass shrimp
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limnocrenes and large inland lakes with low oscillations
in salinity of the general Neretva River ﬂoodplain
ecosystem (Gottstein Matocˇec & Kerovec 2002).
In the Mediterranean basin Palaemonetes antennarius
has been recorded in calm waters of some inland lakes,
in the lower reaches of rivers and in coastal brackish
water lagoons and lakes in Spain, France, Italy
(including Sicily), Slovenia, Croatia, Greece (including
the Ionian and Aegean islands), Turkey and over to
Syria (Constantini & Rossi 2001; Dalla Via 1983, 1986;
Falciai & Palmerini 2002; Froglia 1978; Gottstein
Matocˇec & Kerovec 2002; Hofer, Dalla Via, &
Obermu¨ller 1980; Holthuis 1961; Noe¨l 1992; Obuid-
Allah 1992; Sket 1992).
The grass shrimp Palaemonetes antennarius is a
benthic oligostenohaline opportunistic omnivore deca-
pod species. In brackish water it can populate
the ecological niche where frequent and rapid
changes in salinity occur, but there it can only
survive for short periods (Dalla Via 1983; Bazzanti,
Chiavarini, Cremisini, & Solati 1997; Constantini
& Rossi 2001). It has not been found close to sources
of contamination, in consequence of its extreme
sensitivity to chemicals. Moreover, according to
Bazzanti et al. (1997) Palaemonetes antennarius can be
considered a good polychlorinated biphenyl (PCB)
contamination indicator.
In south-western Europe, several studies regarding the
biology of the freshwater shrimp Palaemonetes anten-
narius were focused on its distribution, reproduction,
and autoecology (Constantini & Rossi 2001; Dalla Via
1983, 1986, 1987; Falciai & Palmerini 2002; Gottstein
Matocˇec & Kerovec 2002; Hofer et al. 1980; ). Not much
is known of the life history of this species in situ, with
the exception of several long-term studies on the
reproductive biology of Palaemonetes antennarius in
Italy, mostly at the descriptive level. Reproductive
studies have been undertaken in and around the Laguna
di Lesina and Lago di Garda (Dalla Via 1983, 1986;
Hofer et al. 1980). The larval development of Palaemo-
netes antennarius was studied from laboratory-reared
material by Falciai & Palmerini (2002).
The purpose of the present paper is to describe, for
the ﬁrst time, the life history traits and population
structure of the decapod species Palaemonetes antennar-
ius in the ﬂood plain of the alluvial river system of the
Neretva River, which is inﬂuenced by the Adriatic Sea.
The goals of this study are to document the variations in
size of ovigerous females, their fecundity, egg size, and
the sex ratio in Palaemonetes antennarius within the
delta, in relation to the time of the year and in relation
to key environmental conditions, temperature and
salinity. This paper discusses also differences in the
reproductive period between certain population inhabit-
ing lakes and deltaic environments.Material and methods
Study sites
Research into the life history of this shrimp was
carried out at 13 sites in the delta of Neretva River
(Fig. 1, Table 1). The Neretva River catchment covers
an area of 116 km2 in the delta of Neretva River (Donja
Neretva), out of a total catchment area of 3182 km2 in
Croatia and Bosnia and Herzegovina. The total length
of the Neretva River from its spring to the mouth is
215 km (Sˇtambuk-Giljanovic´ 1998). The sampling sites
were located at different distances from the river mouth
in Croatia. The seasonal variation of freshwater input
increases in autumn and winter and reduces in summer
when the sea has a dominant inﬂuence.
The Neretva River is a slow-ﬂowing river during the
dry season (summer – June to August) and a fast-
ﬂowing river during the rainy season (spring – March
and April; autumn – October) (Curic´ 1994). There are
signiﬁcant changes in the minimum and maximum
annual discharge of Neretva River in Metkovic´ city
from 27m3 s1 to 2400m3 s1 (Sˇtambuk-Giljanovic´
1998). Three sites are situated along the Neretva River
itself and they were selected on the basis of distances
from the seashore.
Sampling
Shrimps were collected every 2 months from February
to October 1995 for a detailed study of their life history
and for the monitoring of the density of the populations
studied. Additionally, samples were also taken in
selected months during 1993, 1994, 1997 and 2002
(Table 2) to supply data concerning differences in
breeding season, fecundity and environmental condi-
tions. The animals were collected both from the shore
and from a boat in the middle of aquatic vegetation
(Ceratophyllum demersum, Fontinalis antipyretica,
Hippuris vulgaris, Juncus articulatus, Myriophyllum
verticillatum, Najas marina, Potamogeton filiformis, P.
lucens, P. pectinatus and P. perfoliatus), and under the
stones along the river banks, using a hand net, 30 cm
diameter and 0.5mm mesh size. Because of the
considerable agility of the shrimps it was very hard to
obtain quantitative samples of the populations. So,
aiming to achieve this goal we stipulated a constant
capture effort during 10min (Fidalgo 1989) on a 1m2
surface. All specimens were preserved in 75% ethyl
alcohol with glycerol.
Laboratory analysis
Preserved samples were transported to the laboratory
in plastic bottles. The shrimps were identiﬁed to species
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Fig. 1. Map of the delta of Neretva River showing the study sites.
S. Gottstein Matocˇec et al. / Limnologica 36 (2006) 42–5344level using standard taxonomic references (Falciai &
Minervini 1992; Froglia 1978; Holthuis 1961, 1993; Noe¨l
1992; Vigneux, Keith, & Noe¨l 1993). All shrimp
specimens are deposited in the GOTT research collec-
tion at the Department of Zoology, Faculty of Science
in Zagreb.
For each date and at each sampling site, the presence
of males, mature non-ovigerous females, ovigerous
females, larvae, and juveniles of Palaemonetes antennar-
ius was recorded. Presence (males) or absence (females)
of the appendix masculina on the second pleopod and
position of the gonopores was considered for sex
determination by means of microscopic observation.
Total body length (TL) was measured from the
anterior tip of the rostrum to the midline of the
posterior edge of the telson, excluding setae. It was
recorded in 113 specimens of ovigerous female. Car-
apace length (CL) of ovigerous females was measured
from the anterodorsal margin of the carapace behind the
eye to the lateroposterior edge of the carapace.
Classiﬁcation of the larval stages was determined
according to Falciai & Palmerini (2002). Specimens were
considered juveniles whenever they measured less than14mm in TL, below which size they did not display
sexual dimorphism.
The sex ratio (males/females) and the percentage of
ovigerous females within the total number of females
were calculated for each sample.
Ovigerous females were separated into the following
three groups according to the developmental stage of
their eggs deﬁned on the basis of microscopic examina-
tion: early embryonic stage eggs – eggs of recent
spawning were deﬁned by a non-eyed condition and
no evidence of segmentation (E1); middle stage eggs –
deﬁned by slight embryo eye pigmentation (eyes visible
as a dark dot) (E2); and late embryonic stage eggs –
deﬁned by eye pigmentation being clearly visible and the
embryo being well developed (E3) (Maiorano, D’On-
ghia, Capezzuto, & Sion 2002; Spivak 1997). Addition-
ally, there were few females recorded whose embryos
were with their telson free from the egg (a stage prior to
immediate hatching).
Eggs of each brood were removed from the pleopods
of each preserved ovigerous female to count them and to
measure their size. Total range of egg size was obtained
by measuring 5–10 eggs from each ovigerous female
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Table 1. List of study sites with mean abundance and habitat preferences of Palaemonetes antennarius (H. Milne Edwards, 1837)
larvae, juveniles and adults (L/J/A) in the delta of Neretva River during the whole period of study
St. Locality Habitat type Substratum Aquatic macrophytes Nm2
II IV VI VIII X
1 Neretva
River,
Metkovic´
Rivera Sandy mud Myriophyllum
verticillatum
0/0/8 0/0/3 0/0/51 0/0/15 0/0/1
Potamogeton lucens
P. pectinatus
P. perfoliatus
2 Neretva
River,
Komin
Riverb Rocks Epilithic algal community — — 0/0/6 — —
3 Neretva
River,
Rogotin
Riverb Sand — — — — — —
4 Banja Spring Rheocrenea Pebbles,
cobbles,
sand, clay
Apium repens — — — — —
Fontinalis antipyretica
5 Modro Oko
Spring
Limnocrenea Rocks, clay Fontinalis antipyretica 0/8/82 0/0/9 0/0/3 0/0/4 0/0/5
Hippuris vulgaris
Myriophyllum
verticillatum
Potamogeton perfoliatus
6 Desne Lake Lakea Sandy mud Myriophyllum
verticillatum
0/7/0 — 0/0/5 2/13/33 1/1/1
Najas marina
Potamogeton filiformis
7 Desne
Springs
Limnocrenea Clay Hippuris vulgaris 0/0/111 — — — —
Myriophyllum spicatum
8 Crna Rijeka Riverb Mud — 0/0/23 — — — —
9 Bac´ina
Lakes
Lakea Mud Ceratophyllum demersum 0/0/59 0/0/19 31/0/76 0/2/65 0/0/19
Myriophyllum spicatum
Najas marina
Potamogeton filiformis
10 Kuti Lake Lakea Sandy mud Ceratophyllum demersum 0/0/4 0/2/14 0/0/12 0/0/1 0/0/8
Myriophyllum
verticillatum
Najas marina
11 Prud Spring Limnocrenea Rocks Apim repens — — — 0/0/65 —
12 Norin River,
Vid
Rivera Sand, clay,
pebble,
cobble
Apim repens 0/0/25 — — — —
Echinodorus ranunculoides
Potamogeton lucens
13 Desne
Channel
Channela,b Sand, clay Fontinalis antipyretica 0/1/2 0/0/16 — — —
Najas marina
aOligohaline–limnic water (salinity40.5%o5%).
bMesohaline water (salinity ¼ 5–18%).
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Table 2. The sampling regime in the delta of the Neretva River with one visit per month
Year Months Station
1993 April 9
1994 April, May, August 1, 5, 6, 8, 9, 12
1995 February, April, June, August, October 1–13
1997 February, April, June, July, October, November 1, 5, 6, 12
2002 April, June, November 1, 9
Total 17 sampling trips to 13 sites ¼ 112 samples
S. Gottstein Matocˇec et al. / Limnologica 36 (2006) 42–5346(N ¼ 113). Egg development stage categories (E1, E2,
E3) were conjoined to each measurement. The major and
minor axes of ellipsoidal eggs were measured using a
stereo-microscope (Zeiss, Stemi 2000-C) equipped with
calibrated eyepiece micrometer to the nearest 0.01mm.
The fecundity of Palaemonetes antennarius was
deﬁned as the number of early embryonic stage eggs
carried by a female, since loss of eggs during the
incubation period is not uncommon in caridean shrimps
(Balasundaram & Pandian 1982; Galva˜o & Bueno 2000;
Spivak 1997). Nevertheless, fecundity was also estimated
for the middle and late embryonic stage eggs to
determine the differences in coefﬁcient of correlation.
The relationship between brood size (fecundity) and size
of females (CL) was estimated from 47 ovigerous
females of Palaemonetes antennarius with early embryo-
nic stage eggs.Data processing
Mean value and standard deviation (7SD) was
calculated for sex ratio (males vs. females) during the
present study. Independent w2 test was used to compare
mean monthly changes in sex ratios during the each
months at all study sites. Statistically signiﬁcant
differences respecting a hypothetical 1:1 ratio are
referred when the probability of error for rejecting the
null hypothesis was po0:01.
The average brood size was estimated for each
developmental stage of the eggs. We tested with
ANOVA, if there were signiﬁcant differences in size of
eggs (major axes) from various developmental stages
(E1, E2, E3), and any signiﬁcance was determined at 0.01
probability level by Fischer LSD post hoc test after the
normality and homogeneity of the data had been
checked. Individual fecundity (the mean number of eggs
carried by a female) were compared using ANOVA to
determined signiﬁcant differences in fecundity between
early, middle and late embryonic stage eggs as well as to
determined signiﬁcant differences in fecundity between
freshwater and brackish water environment. Regres-
sions of brood size (number of early, middle and late
embryonic stage eggs carried by a female) versus CL
were estimated after checking for normality andhomoscedasticity of the data, and tested with ANOVA
(Spivak 1997; Zar 1996). Statistical analysis and
statistical graphics were performed using Statistica
version 6.0 for Windows (StatSoft Inc. 2002).Results
Sex ratio
A total of 371 males and 545 females were collected
during the study period, and from these ﬁgures the sex
ratio was determined. The sex ratio was analysed
seasonally and generally, females being abundant during
the prospective period and the sex ratio being always in
favour of females. However, it was not signiﬁcantly
different from 1:1 in winter, middle spring and autumn,
while in late spring and summer females were more
abundant than males (w2 test, po0:01). During August,
females signiﬁcantly dominate the population in the
proportion of approximately 2:1 (w2 test, po0:001)
(Fig. 2).
Breeding season
The breeding season of Palaemonetes antennarius lasts
for 5 months from April to August. Most of the
breeding females (75%) were collected in the late spring
month June in oligohaline–limnic lake Desne (Table 3).
Ovigerous females with eggs in the late maturity stage
(eyes well developed) were found from June to August
1995 when more than 46% of females were ovigerous
(Fig. 3). No ovigerous females were captured in
February and in October and November in any of the
study years.
Larvae were in evidence from June to the end of
October. A sharp June peak in the abundance of
Palaemonetes larvae was recorded at Bac´ina Lakes. No
larvae were found in any rivers, not even in the salt
wedge of the delta of the Neretva River. Juveniles were
present over a large part of the year, from winter
(February) to the beginning of spring (April). No
juveniles were captured at the end of spring (June) and
then they increased by early August. The highest
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August (Fig. 3).
Fecundity
The peak of reproduction for the species was in June
(as shown in Table 3). The mean number of eggs per
female (fecundity) was 30.6279.77 (mean7SD) in the
range of 13–73 (min.–max.). According to the results of
ANOVA with Fischer LSD post hoc test, the mean egg
lengths signiﬁcantly do differed between all of threeTable 3. Fecundity ratio and percentage of ovigerous females in P
habitat types of the delta of Neretva River during the whole period
Study
sites
Habitat types Sampling months
February April
FR Fov FR Fov
1 Rivera 0.00 0.0 0.00 0.0
5 Limnocrenea 0.00 0.0 0.16 14.3
6 Lakea 0.00 0.0 0.00 0.0
9 Lakea 0.00 0.0 0.00 0.0
10 Lakea 0.00 0.0 0.00 0.0
Fecundity ratio (FR) ¼ ovigerous females/non ovigerous mature females; Fo
aOligohaline–limnic water (salinity40.5%o5%).
Fig. 2. Mean monthly changes in Palaemonetes antennarius
(H. Milne Edwards, 1837) sex ratio (male: female) in the delta
of the Neretva River between February and October 1995.
Statistically signiﬁcant differences respecting a hypothetical 1:1
ratio (Independent w2 test) are indicated as follows:
*0.001oPo0:01; **Po0:001.developmental stages. Thus mean egg lengths signiﬁ-
cantly increase during ontogeny (F 2;186 ¼ 395:16,
po0:001) (Table 4).
A positive signiﬁcant linear correlation (po0:05,
n ¼ 47) was revealed between the number of early
incubated eggs (fecundity) and CL of ovigerous females
(Fig. 4). Correlations were obtained for both middle and
late embryonic stage eggs too, with the expression of
coefﬁcient of ANOVA respectively (Table 5). Individual
fecundity (the mean number of eggs carried by a female)
showed no signiﬁcant differences between early, middle
and late embryonic stage eggs (ANOVA, F 2;102 ¼ 0:06;alaemonetes antennarius (H. Milne Edwards, 1837) in various
of study
June August October
FR Fov FR Fov FR Fov
0.12 10.8 1.00 50.0 0.00 0.0
1.00 50.0 1.00 50.0 0.00 0.0
3.00 75.0 1.00 50.0 0.00 0.0
1.32 56.9 1.17 45.0 0.00 0.0
0.40 28.6 0.00 0.0 0.00 0.0
v – percentage of ovigerous females.
Fig. 3. Monthly variation in frequency of ovigerous females
(Fov), mature non-ovigerous females (F), mature males (M),
juveniles (J) and larvae (L) of a natural population of
Palaemonetes antennarius (H. Milne Edwards, 1837) between
February and October 1995 in the delta of the Neretva River.
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Fig. 4. Relationship between carapace length (CL) of oviger-
ous females and fecundity (number of early embryonic stage
eggs per ovigerous females – Fov) of Palaemonetes antennarius
(H. Milne Edwards, 1837) in the delta of Neretva River.
Table 4. Minimum values, mean values with relative standard deviation (SD) and maximum values of egg characteristics (brood
size, major and minor axes for different egg development stages of Palaemonetes antennarius (H. Milne Edwards, 1837) in the delta
of Neretva River during the whole study period (NFov – number of ovigerous females, NO – number of measured eggs)
Egg developmental stages Min. Mean7SD Max.
Stage 1 (NFov ¼ 48; NO ¼ 50)
Brood size 13 28.5710.86 73
Minor axes (mm) 0.843 1.01470.07 1.140
Major axes (mm) 1.240 1.33970.05 1.463
Stage 2 (NFov ¼ 27; NO ¼ 50)
Brood size 20 3176.85 49
Minor axes (mm) 0.967 1.09570.08 1.290
Major axes (mm) 1.290 1.43570.09 1.637
Stage 3 (NFov ¼ 30; NO ¼ 50)
Brood size 13 31710.14 71
Minor axes (mm) 1.116 1.23070.07 1.438
Major axes (mm) 1.488 1.67070.08 1.860
S. Gottstein Matocˇec et al. / Limnologica 36 (2006) 42–5348df ¼ 102; p40:05), or between freshwater and brackish
water environments (ANOVA, F 1;111 ¼ 3:17; df ¼ 111;
p40:05). Ovigerous females measured from 24.5 to
38mm (mean7SD ¼ 31.672.8) of total length and
from 5.55 to 9.60mm (mean7SD ¼ 7.070.65) of CL.
Natality
The previous year generation of Palaemonetes anten-
narius, indicated by large-sized juveniles, was observed
in February. A current-year generation of Palaemonetes
antennarius, indicated by four larval stages, was
recorded for the ﬁrst time in the middle of June
(Fig. 5). Natality induced by larvae leads to a higherpopulation density in June, than decreases signiﬁcantly
towards the end of summer (late August) and ﬁnally
disappears in autumn (late October to November)
(Fig. 6). Small juveniles were absent from all samples
collected in June while the highest relative abundance
was recorded in the benthic habitat of oligohaline–
limnic lakes at the beginning of August (Fig. 6). No
juveniles or larvae were found at collecting sites directly
inﬂuenced by the sea (Table 1). All generations (larvae,
juveniles, adults) were present until October (Figs. 3 and
6). Juveniles mature in the end of winter and in the
beginning of spring the following year.
Habitat ecology
The relative abundance of adult shrimps showed two
maxima along the year, corresponding to winter
(February) and late summer (August) (Fig. 6). These
peaks of abundance were not related to higher
temperatures, whereas the lowest value (7 in-
dividualsm2) was coincident with the highest mean
salinity recorded (3.1% in October) (Fig. 6).
Most of the collected breeding females (88.1%)
originated from oligohaline–limnic lakes such as Bac´ina
Lakes. The spawning water temperature for Palaemo-
netes antennarius in the delta of the Neretva River
ranged from 13.5 to 24 1C (Table 6). The ﬁrst ovigerous
females were found in the limnocrene spring Modro oko
at the beginning of April 1994 when the water
temperature was 13.5 1C. Ovigerous females were found
in habitats with salinity between 0% and 5%, where
females were most abundant in salinity of 3%. This is
evident in the scatter plot of fecundity versus salinity
(Fig. 7).
Apart from habitats with stable salinity non-breeding
adults of Palaemonetes antennarius were euryoecious,
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Table 5. Relationships between the number of eggs (NE) of various developmental stage (E1, E2, E3) and carapace length (CL) of
ovigerous females for Palaemonetes antennarius (H. Milne Edwards, 1837) from samples pooled in June and August 1995
Sample Equation NFov R2 F p
E1 NE ¼ 9.5CL35.82 48 0.698 4.82 o0.0001
E2 NE ¼ 7.2CL18.58 27 0.581 1.17 o0.01
E3 NE ¼ 10.2CL40.65 30 0.418 6.30 o0.05
NFov: number of specimens, R2: coefﬁcient of correlation, F: coefﬁcient of ANOVA.
Fig. 6. Mean abundance of larvae (L), juveniles (J) and adults
(A) of Palaemonetes antennarius (H. Milne Edwards, 1837),
mean water temperature and salinity during the study years in
the delta of Neretva River.
Fig. 5. Monthly variation of frequency in larval stages of
Palaemonetes antennarius (H. Milne Edwards, 1837) in the
delta of the Neretva River from February to October 1995 (Z I
– ﬁrst zoea; Z II – second zoea; Z III – third zoea; P I – ﬁrst
postlarva; P II – second postlarva).
S. Gottstein Matocˇec et al. / Limnologica 36 (2006) 42–53 49inhabiting also localities of the delta caused by frequent
changes in salinity (Neretva River), on the other hand
larvae and juveniles were more stenoecious, appearing
only at habitats with huge amount of aquatic macro-
phytes (expecially Ceratophyllum and Myriophyllum),
where environmental conditions are more stable (oligo-
haline–limnic lakes: Bac´ina Lakes, Desne Lake and Kuti
Lake; limnocrene: Modro Oko Spring) with the range of
salinity 0–5% and with the range of water temperature
15.2 to 23.5 1C (for lakes) and 10.3 to 23.5 1C (for
limnocrene) (Fig. 8). Larvae were cryptic and easily
overlooked, especially at locations associated with a
high abundance of macrophytes (Kuti Lake).Discussion and conclusions
This paper provides the ﬁrst report of life history of
the freshwater shrimps in the delta of the River Neretva,
Croatia.The main environmental factors controlling develop-
mental dynamics in the delta seem to be water
temperature, salinity and the quality and quantity of
available food, as already reported in previous studies
(Dalla Via 1983, 1986, 1987; Falciai & Palmerini 2002;
Hofer et al. 1980; Sollaud 1919).
The breeding period was longer in limnocrenes and
lakes with oligohaline–limnic water than in other habitat
types due to water that is warmed more rapidly in spring
and cooled more slowly in autumn (Table 6). Therefore,
Palaemonetes antennarius has a longer breeding period
(May–August) under the warmer water conditions
prevalent in Bac´ina Lakes during the spring and summer
(16.3–26.6 1C). Palaemonetes antennarius displayed a
seasonal reproduction in the study area, because
ovigerous females were found only during two seasons
(spring and summer), with a reproductive period
restricted to the warmest months of the year (Table 6).
The highest frequency of ovigerous females was shown
in the oligohaline–limnic lakes (Bac´ina Lakes and Desne
Lake) in the middle of June, when the water temperature
was above 20 1C (Tables 3 and 6), a situation that is very
similar to the one in Italy discussed by Dalla Via (1986).
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Fig. 8. Abundance of Palaemonetes antennarius (H. Milne
Edwards, 1837) larvae collected in oligohaline–limnic lakes
(Bac´ina Lakes and Desne Lake) and mean water temperature
of lakes observed from February to October 1995. Verical bars
represent the SD.
Fig. 7. Scatter plot of the relationship between salinity and
fecundity (number of early embryonic stage eggs per ovigerous
females – Fov) of Palaemonetes antennarius (H. Milne
Edwards, 1837) in the delta of Neretva River during the whole
period of study.
Table 6. Water temperature (mean7SD) (N ¼ 112) during the observed reproductive period in Palaemonetes antennarius (H.
Milne Edwards, 1837) in various habitat types of the delta of Neretva River
Habitat types February April June August October
Limnocrenesa 11.570.22 13.570.19 18.172.21 17.971.93 15.971.06
Lakesa 10.370.94 10.471.65 2473.67 23.372.97 19.572.03
Riversa 9.873.96 11.270.17 1670.63 1971.35 16.270.49
Riversb 11.670.21 11.270.21 1671.34 19.770.92 15.370.14
aOligohaline-limnic water (salinity40.5%o5 %).
bMesohaline water (salinity ¼ 5–18%); bold ¼ reproduction time.
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April/May to August in the delta of the Neretva River.
Data on the beginning of the reproductive period in
South Italy in April/May (Dalla Via 1983) are in
accordance with those in this study. The reproductive
cycle begins earlier in Southern Croatia than it does in
North Italy where it commences at the end of May,
beginning of June and lasts about 3–4 months (Hofer
et al. 1980). Palaemonetes antennarius can also occupy
critical ecological niches in North Italy such as thermal
waters (Garbini 1882) and in South Italy such as warm
springs where reproduction takes place at the end of
March or the beginning of April (Dalla Via 1983, 1986).
It is obvious that climatic thermal characteristics
inﬂuence the duration of the reproductive period in
those species, but the photoperiod may be important
too.
Palaemonetes antennarius investigated in the present
study follows a univoltine generation cycle with a short
egg-laying period and a summer generation, as it does in
other freshwater systems in North and South Italy
(Dalla Via 1983, 1986; Hofer et al. 1980). It shows asynchronic development of the annual life cycle with
poor ecological ﬂexibility in view of salinity and
temperature, markedly adapted to predictable environ-
ments when those two factors are taken into account.
Our data lends support to the view of Dalla Via (1983),
since the habitats of Palaemonetes antennarius in the
Laguna di Lesinia in South Italy are subject to a quite
predictable regime of salinity where the abundance of
egg-carrying females decreases as the salinity increase
and no overlapping could be observed with marine
species which are generally also present in the lagoon.
The sex ratio in the populations of Palaemonetes
antennarius researched was always in favour of females.
However, slight changes in the sex ratio were observed
during the period of high reproductive activity in June
and August. Furthermore, ovigerous females might be
slower and therefore easier to catch than males, which
are in agreement with the observations on P. argentinus
Nobili, 1901 (Felix & Petriella 2003).
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observed in North and South Italy (Dalla Via 1983;
Hofer et al. 1980).
Holthuis (1961) had reported the diameter of
1.3–1.5 1.7–2.0mm for eggs of Palaemonetes anten-
narius from a Turkish population from Antalya. The egg
size of Palaemonetes antennarius is 1.2–1.5mm in the
Italian populations (Froglia 1978). According to Falciai
& Palmerini (2002) the eggs of Palaemonetes antennarius
measure 1.14 0.93 to 1.96 1.31mm. Schellenberg
(1928) reported an egg length of 1.3–1.75mm, but he
failed to specify the collection site. Those values are
quite similar to the range of the major axes
(1.34–1.67mm) of all the embryonic-stage eggs from
the delta of the Neretva River. In the present investiga-
tion females have been observed to carry 13–73 eggs/
individual in oligohaline–limnic lakes, while the number
of eggs in one Italian population is 40–100 (Froglia
1978). Fecundity at relatively low salinity was in general
lower than those at optimal salinity (3%). According to
Dalla Via (1986), over 100 eggs/individual may occur in
a brackish water environment while the fresh water
populations of Palaemonetes antennarius appear to be
limited to 50–60 eggs/female. However, we suppose that
while higher salinity conditions are favourable to the
reproductivity of Palaemonetes antennarius to some
degree, frequent salinity changes are energetically
incompatible with growth and reproduction for Palae-
monetes antennarius in the delta of Neretva River.
Increase in egg size with embryonic development was
observed in Palaemonetes antennarius during our study
(Table 4). The egg size of P. argentinus also increases
during development until hatching (Nazari, Muller, &
Ammar 2000).
Our observations conﬁrmed a mode of larval devel-
opment in Palaemonetes antennarius, similar to that
described by Falciai & Palmerini (2002) for an Italian
population. Larvae pass through three zoeal stages,
followed by two postlarval stages. Most of the young
shrimp in the delta of Neretva River hatch in the middle
of June, which was earlier than those in the Lago di
Garda (upper Italy) that hatch in July (Hofer et al.
1980). The timing of hatching and larval development in
the delta of the Neretva River in this study were
inﬂuenced by water temperature and salinity, and may
be also inﬂuenced by chemical signals between embryos
and the female, as observed by Saigusa (1996) for some
crabs. The stability and duration of certain temperature
levels are important parameters for the growth of the
larvae (Dalla Via 1986). The values of salinity in
oligohaline–limnic lakes in the delta of Neretva River
(1–5%) are consistent with the pattern reported for
Palaemonetes antennarius from lakes in North and
South Italy (3–5%) (Dalla Via 1986). According to
Obermu¨ller (1978) brackish waters with a salinity of
about 3–5% showed a minimum mortality rate inPalaemonetes antennarius. Therefore, optimal salinity
and hydrological regime are major abiotic factors that
shape the distribution of larvae in the delta of the
Neretva River. Consequently, optimal conditions for
larvae are met in still waters, with stable low salinity and
with huge amount of suspended food particles, for
example in Bac´ina Lakes. No larvae were found in the
oligohaline–limnic lake Kuti, where the samples were
taken at a site much further from the shore than in other
lakes due to Phragmites, which presents less submerged
surface area. There, the importance of physical factors
in the distribution of Palaemonetes antennarius larvae
was diminished by the amount and structure of
submerged vegetation (Table 1).
Juveniles of Palaemonetes antennarius dominate at a
clearly different time of the year than ovigerous females,
showing the time at which the breeding season stops as
well as the time at which adaptation to higher salinity
oscillations begins. No juveniles were found at any site
in the Neretva River. The samples were taken at sites
much further downstream (Croatian part of the river)
with tidal exchange and high river discharge. Juveniles
prefer closed oligohaline–limnic water bodies and mud
substratum but they are probably present in a more
upstream part of the river. We conclude that Palaemo-
netes antennarius inhabits both fresh and brackish water
habitats by response to salinity oscillations, but it
reproduces exclusively in closed oligohaline–limnic
water bodies.
The elimination of the seasonal water level ﬂuctua-
tions and the extensive loss of wetland plant commu-
nities caused by human activity in the delta of Neretva
River seem to have had signiﬁcant negative effects on
freshwater/brackish water shrimp Palaemonetes anten-
narius and its life-history traits, due to the loss of many
natural habitats and to the provocation of changes of
environmental conditions.Acknowledgements
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